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INTRODUCTION 

While gas  b e a r i n g s  have low f r i c t i o n  l o s s e s  i n  comparison w i t h  l i q u i d  b e a r i n g s ,  

they are f a r  from being " f r i c t i o n l e s s " ,  and i n  some cases  t h e  l o s s e s  are 

l a r g e r  than t h o s e  f o r  r o l l i n g  element bea r ings .  I n  f a c t ,  t h e  p r e s s u r e  g e n e r a t i o n  

r e s u l t s  from viscous s h e a r .  The h e a t  generated by v i scous  s h e a r  can be s u f f i c i e n t l y  

l a r g e  t o  cause apprec i ab le  thermal d i s t o r t i o n  which i n  t u r n  a f f e c t s  t h e  p r e s s u r e  

g e n e r a t i o n  and t h e  load ca r ry ing  capac i ty .  The e f f e c t  of thermal d i s t o r t i o n  must 

be considered i n  design e s p e c i a l l y  where h igh  speeds and/or  l a r g e  r a d i u s  r a t i o  

bea r ings  are used. This is  e s p e c i a l l y  important  i n  in s t rumen t s  (e .g .  gyros,  

acce le romete r s ) ,  cryogenic  turbo-expanders, low power level Brayton c y c l e  turbo- 

machinery, etc.  I n  t h e s e  systems t h e  f r i c t i o n  loss d e t r a c t s  from o v e r a l l  e f f i c i e n c y .  

A s  an example, a t  cryogenic  helium temperatures a w a t t  l o s s  i n  t h e  co ld  turbo- 

expander r e p r e s e n t s  100'- 1000 w a t t s  o f  a d d i t i o n a l  compressor power r equ i r ed .  I n  

t h e s e  a p p l i c a t i o n s  i t  is  t h e r e f o r e  important t o  des ign  t h e  smallest p o s s i b l e  bea r ing  

which w i l l  suppor t  a given load  wi th  a p r e s c r i b e d  f i l m  th i ckness .  Any d i s t o r t i o n  

. is  undes i r ab le  because i t  reduces t h e  l o a d  c a r r y i n g  c a p a c i t y  and i n c r e a s e s  t h e  
,' power l o s s e s .  This paper p r e s e n t s  an a n a l y s i s  of thermal d i s t o r t i o n  of a gas 

l u b r i c a t e d  spiral-grooved t h r u s t  bear ing r e s u l t i n g  from v i scous  shea r .  

The d i s t o r t i o n  caused by viscous shear  is  a f u n c t i o n  of t h e  bea r ing  gap, f l u i d  v i s -  

c o s i t y ,  and r o t o r  speed; t h e  degree of d i s t o r t i o n  depends on how t h e  h e a t  i s  removed 

through t h e  s t r u c t u r e  of t h e  bea r ing  and t h e  amount of dimensional change induced by 

temperature  v a r i a t i o n s .  Thus a complete a n a l y s i s  of t h i s  problem would inc lude  

L I I ~  cuiisiruciiun oi a d e t a i l e d  chermai map or' t h e  bea r ing  p a r t s .  nowever, an appre- 

c i a t i o n  of t h e  g r o s s  phenomenon of thermal d i s t o r t i o n  can be gained through a much 

s i m p l i f i e d  a n a l y s i s .  The p r e s e n t  work d e a l s  w i t h  t h e  l a t t e r  approach concerning 

t y p i c a l  spiral-grooved bea r ings .  

&L - II 

The spiral-grooved t h r u s t  bear ing o r  Whipple p l a t e  has  been chosen f o r  t h e  a n a l y s i s  

because i t  i s  most widely used i n  gas bea r ing  a p p l i c a t i o n s .  This i s  because of i t s  

s i m p l i c i t y  and because i t  possesses  high load  c a r r y i n g  c a p a c i t y .  For i n s t a n c e ,  a t  

c o n d i t i o n s  t y p i c a l  of gas bea r ing  gyroscopes t h e  optimized spiral-grooved t h r u s t  

b e a r i n g  has  about twice t h e  load-carrying c a p a c i t y  of an optimized s t epped  t h r u s t  

b e a r i n g  according t o  theory (Ref. 1, 2 and 3 ) .  
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I . 

The t h e o r e t i c a l  advantage of spiral-grooved t h r u s t  bea r ings  is  o f t e n  n o t  f u l l y  

r e a l i z e d  i n  p r a c t i c e .  F a b r i c a t i o n  d i f f i c u l t y  has  been regarded as t h e  p r i m e  f a c t o r  

degrading t h e  a c t u a l  bea r ing  performance. Recent advances i n  manufacturing techniques 

have a l l  b u t  completely removed t h i s  problem. There i s  a l s o  an i n h e r e n t  reason why 

t h e  t h e o r e t i c a l  performance p r e s e n t l y  a v a i l a b l e  cannot be f u l l y  r e a l i z e d  i n  p r a c t i c e .  

This i s  because an i n f i n i t e  number of grooves (each of i n f i n i t e s i m a l  width) i s  

assumed i n  t h e  theo ry ,  whereas i n  p r a c t i c e  a f i n i t e  number of grooves are p r e s e n t .  

This assumption reduces t h e  load capac i ty  i n  two ways: 

1) Along t h e  ambient edge, a constant  p r e s s u r e  i s  maintained,  t h e r e f o r e  

end leakage e x i s t s .  This e f f e c t  has  been found t o  b e  r e l a t i v e l y  i n s i g n i -  

f i c a n t  when t h e r e  are more than f i f t e e n  grooves i n  t h e  bea r ing  (Ref. 2 ) .  

2)  The bea r ing  load c a p a c i t y  f o r  s p i r a l  grooved t h r u s t  bea r ing  i n c r e a s e s  

l i n e a r l y  wi th  speed u n t i l  dens i ty  v a r i a t i o n  w i t h i n  a groove becomes 

s u f f i c i e n t l y  l a r g e  t h a t  f u r t h e r  speed i n c r e a s e  would no longer  y i e l d  

a corresponding i n c r e a s e  i n  load c a p a c i t y .  This l a t t e r  e f f e c t  may be 

regarded as a c o m p r e s s i b i l i t y  t h re sho ld  which can b e  e s t ima ted  according 

t o  t h e  i n f i n i t e  groove theory and can b e  avoided i f  t h e  number of grooves 

can b e  made Larger t han  a lower l i m i t ,  which is  approximately p r o p o r t i o n a l  

t o  t h e  c o m p r e s s i b i l i t y  number of t h e  bea r ing  (Ref. 4 ) .  

. --. 

With t h e  r e f i n e d  manufacturing techniques and a n a l y s i s  t h e r e  s t i l l  have been many 

examples where theory and p r a c t i c e  deviated apprec i ab ly .  This discrepancy can be 

l a r g e l y  a t t r i b u t e d  t o  d i s t o r t i o n .  D i s t o r t i o n  can r e s u l t  from s e v e r a l  sources  such as 

material s t a b i l i t y ,  i n t e r n a l  stresses, p r e s s u r e  and thermal d i s t o r t i o n .  The e f f e c t  

of t he rma l  d i s t o r t i o n  as shown i n  t h i s  paper ,  can have a very marked infiuence uii 

l o a d  c a r r y i n g  c a p a c i t y  and t h e r e f o r e  must b e  considered i n  design.  

c 
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GENERAL EFFECTS OF UNEVEN HEATING . 

' e  

When h e a t  flows through a material, due t o  i t s  thermal  r e s i s t i v i t y ,  t h e r e  i s  a 

temperature  g r a d i e n t  a g a i n s t  t h e  d i r e c t i o n  of h e a t  f l u x  according t o  F o u r i e r ' s  

l a w  of conduc t iv i ty .  Because t h e  dens i ty  of t h e  material u s u a l l y  depends on t h e  

temperature ,  t h e  presence of temperature g r a d i e n t  would a f f e c t  both s i z e  and shape 

of t h e  body and would a l s o  c r e a t e  i n t e r n a l  stresses. Given t h e  temperature f i e l d ,  

t h e  s t r u c t u r a l  c o n s t r a i n t s ,  and t h e  p e r t i n e n t  p r o p e r t i e s  of t h e  material, a l l  t h e s e  

e f f e c t s  can b e  determined i n  d e t a i l  from t h e r m o e l a s t i c  a n a l y s i s .  C l e a r l y ,  l i k e  a l l  

p r e c i s i o n  dev ices ,  t h e  performance of a gas  bea r ing  can b e  immensely in f luenced  

by t h e  temperature  e f f e c t s  on t h e  s i z e  and t h e  shape of t h e  bea r ing  p a r t s .  

The s i z e  e f f e c t  i s  p r i m a r i l y  dependent on t h e  temperature  level.  I f  t h e  materials 

of t h e  j o u r n a l  and bea r ing  have d i f f e r e n t  c o e f f i c i e n t s  of thermal expansion, t hen  

t h e  b e a r i n g  gap would vary wi th  temperature.  I f  a r e f e r e n c e  mean r a d i a l  gap i s  

measured a t  a r e f e r e n c e  temperature ,  the mean r a d i a l  gap would d e v i a t e  from t h e  

r e f e r e n c e  va lue  by an amount p r o p o r t i o n a l  t o  t h e  product  of t h e  j o u r n a l  r a d i u s  and 

t h e  d i f f e r e n c e  of t h e  c o e f f i c i e n t s  of thermal expansion and t h e  temperature  d i f f e r e n c e  

from t h e  r e f e r e n c e  temperature.  If t h e  c o e f f i c i e n t  of thermal expansion of t h e  

bea r ing  i s  l a r g e r ,  a rise of temperature above t h e  r e f e r e n c e  va lue  would i n c r e a s e  

t h e  r a d i a l  gap. A s i m i l a r  s i t u a t i o n  e x i s t s  w i th  double-acting t h r u s t  bea r ings .  

To b e t t e r  understand t h e  type  of shape v a r i a t i o n  o r  d i s t o r t i o n  of bea r ing  as may b e  

caused by a non-uniform temperature  f i e l d ,  cons ide r  a c i r c u l a r  c y l i n d e r  shown i n  F ig .  1. 

I f  t h e  temperature  g r a d i e n t  i s  pu re ly  r a d i a l ,  t h e  c ros s - sec t ion  would become t ape red  

due t o  l eng thwise  l i n e a l  expansion. The degree of t a p e r  is  p r o p o r t i o n a l  t o  t h e  l e n g t h  

of c y l i n d e r .  Also hoop stress would be induced such t h a t  Po i s son ' s  r a t i o  e f f e c t  would 

f n r t h e r  increase the amount of taper i n  p ropor t ion  t o  t h e  c y l i n d e r  l eng th .  Except 

f o r  l o c a l i z e d  t h r e e  dimensional e f f e c t s  n e a r  t h e  two ends,  t h e  c y l i n d r i c a l  s u r f a c e s  

would remain c y l i n d r i c a l .  The main d i s t o r t i o n  i s  t h e  non-f la tness  of t h e  ends.  The 

s i t u a t i o n  i s  i l l u s t r a t e d  i n  Fig.  1 ( a ) .  This  problem i s  important i f  t h e  t h r u s t  

b e a r i n g  i s  a t  t h e  end of a h e a t  generat ing body. 
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I f  t h e  temperature g r a d i e n t  i s  t r a n s v e r s e ,  t h e  c y l i n d e r  would become ben t  as shown 

i n  Fig.  1 ( b ) .  This  s i t u a t i o n  can l e a d  t o  s e r i o u s  misalignment d i f f i c u l t i e s  f o r  both 

t h e  c y l i n d r i c a l  and t h e  end s u r f a c e s .  This problem can b e  a l l e v i a t e d  by avoiding 

geomet r i ca l  dissymmetry and by appropr i a t e  thermal s h i e l d i n g  from e x t e r n a l  h e a t  sou rces .  

I f  t h e  temperature  g r a d i e n t  is  l o n g i t u d i n a l ,  t h e  c y l i n d r i c a l  s u r f a c e s  would become 

t ape red  o r  c o n i c a l ,  and t h e  end f a c e s  would become s p h e r i c a l .  Thus t h i s  form of 

d i s t o r t i o n  would impair  t h e  performance of both j o u r n a l  and t h r u s t  bea r ings .  I n  t h e  

case of t h e  t h r u s t  bea r ing ,  t h e  cause f o r  t h i s  t ype  of d i s t o r t i o n  i s  b u i l t - i n  because 

t h e r e  is  ample h e a t  d i s s i p a t i o n  i n  t h e  bearing f i l m  which would c r e a t e  a n  a x i a l  tempe- 

r a t u r e  g r a d i e n t .  The p r e s e n t  work i s  concerned wi th  t h e  l a t t e r  problem w i t h  s p e c i f i c  

r e f e r e n c e  t o  spiral-grooved t h r u s t  bea r ings .  

There are o t h e r  f a c t o r s  i n  thermal d i s t o r t i o n s ,  such as t h e  bi-metal  phenomenon and 

s t r u c t u r a l  c o n s t r a i n t s .  The s i g n i f i c a n c e  of each of t h e s e  f a c t o r s  vary according 

t o  design.  They are neg lec t ed  i n  t h e  p re sen t  work. 

D i s t o r t i o n  of t h e  Thgust Su r face  due t o  Self-Heat ing 

A f i r s t  approximation of t h e  d i s t o r t i o n  of t h e  t h r u s t  bea r ing  due t o  v i scous  s h e a r  

i n  t h e  bea r ing  gap can be obtained by assuming t h a t  h e a t  flow through t h e  bea r ing  

i s  uniform and i s  pu re ly  axial .  F u r t h e r ,  f o r  s i m p l i c i t y ,  t h e  bea r ing  p l a t e  i s  assumed 

t o  b e  a hollow d i s k .  L e t  q" b e  t h e  h e a t  f l u x ,  t hen  t h e  a x i a l  temperature  g r a d i e n t  

i s  

. . . . . . . . . . . . . . . . . . . . . . . . . .  a T = L  
az 1< 

where K i s  t h e  c o e f f i c i e n t  of thermal  conduc t iv i ty ;  and t h e  isotherms are p lanes  

p a r a l l e l  t o  t h e  bea r ing  s u r f a c e  as shown i n  F ig .  2. The d i s k  i s  presumed t o  b e  f l a t  

i f  ma in ta ined  a t  a uniform temperature.  

Consider a n  i n f i n i t e s i m a l  r a d i a l  l i n e  measured t o  be 6i- a t  a reference t e q e r a t u r e  

To, t h e n  when t h i s  l i n e  is  a t  T ( z )  i t s  l e n g t h  i s  

where a is  t h e  c o e f f i c i e n t  of l i n e a l  t h e r m a l  expansion. A similar i n f i n i t e s i m a l  r a d i a l  

l i n e  which w a s  of t h e  same l e n g t h  a t  t h e  r e f e r e n c e  temperature  b u t  s i t u a t e d  a t  

z + dz would now measure t o  b e  
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6 r  (1 + a [ T  (z  + dz) - To]] 

Under t h e  i n f l u e n c e  of t h e  a x i a l  temperature g r a d i e n t ,  t h e s e  l i n e s  deform i n t o  cir- 

c u l a r  arcs; and s u r f a c e s  o r i g i n a l l y  normal t o  t h e  undeformed a x i s  now become s p h e r i c a l  

s u r f a c e s .  A s s u m e  u n r e s t r i c t e d  deformation, t hen  t h e  r a d i u s  of c u r v a t u r e ,  R, can b e  

I C  deduced according t o  t h e  diagram i n  Fig.  3 ,  i n  terms of t h e  fol lowing r e l a t i o n s :  

b r  (1 + a ( T  - To)) 6 ra  [T ( z  + dz) - T ( z )  ] 
- - 

R dz 
I .  

Or 9 

. R d  = 14- a ( T  - To) . . . . . . . . . . . . . . . . . . . . .  (2) 
K -5 0 Because a i s  of t h e  o rde r  of 1 0  / F,  a(T-T ) i s  t y p i c a l l y  a very s m a l l  number. 

Therefore ,  as a good approximation, 
0 

% 1* . . . . . . . . . . . . . . . . . . . . . . . . . . .  ( 3 )  R%.! 
IC 

It is  i n t e r e s t i n g  t o  n o t e  t h a t  R i s  n o t  e x p l i c i t e l y  dependent on e i t h e r  t h e  t h r u s t  

d i s k  t h i c k n e s s  o r  t h e  temperature  level. a and Y are material p r o p e r t i e s ,  and q" 

depends on t h e  r o t o r  speed, r a d i u s ,  gap, l u b r i c a n t  v i s c o s i t y ,  and t h e  d e t a i l  gap 

geometry. 

Consider now t h e  t o t a l  amount of h e a t  generated i n  t h e  bea r ing  f i l m  is  d iv ided  between 

t h e  two p a r t s  of t h e  bea r ing .  L e t  s u b s c r i p t s  "lid and ' * 2 "  d e s i g n a t e  va r ious  q u a n t i t i e s  

a s s o c i a t e d  wi th  t h e  two bear ing p a r t s ,  and l e t  ho b e  t h e  gap along t h e  c e n t e r  l i n e ,  

t hen  t h e  gap a t  any r a d i u s  i s  

-1 I: 
2 R, 

+ R { 1 - cos ( s i n  1 1  . . . . . . . . . . . . . . . .  (4 j  

r r 
R R a d  - are small, E q .  ( 4 )  can b e  approximated by I f  - 

I 2 

h $  h - + T { c  r2 1 + - }  1 
U L  I?2 

. . . . . . . . . . . . . . . . . . . . .  ( 5 )  
1 

S u b s t i t u t i n g  E q .  i n t o  Eq. (5),  one o b t a i n s  
\ 

+ -  . . . . . . . . . . . . . . . . .  ( 6 )  r 2  I a i q l i i  h % h  + - -  
0 2  K 1  c 

Note t h a t  if c t / ~  i s  same f o r  both p a r t s  of t h e  bea r ing ,  t hen  t h e  bea r ing  f i l m  shape 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

*Thi s  r e s u l t  w a s  p rev ious ly  given i n  Ref. 5 
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becomes only a f u n c t i o n  of t h e  t o t a l  amount of h e a t  generated i n  t h e  b e a r i n g  

f i l m ,  b u t  i s  independent of how i t  is divided between t h e  two p a r t s .  I n  subsequent 

work, t h e  s u b s c r i p t s  w i l l  be  dropped and two terms on t h e  r i g h t  hand s i d e  of 
. 
c Eq. (6) w i l l  be  combined such t h a t  

h % h o + -  r2 - 1 
2 R  . . . . . . . . . . . . . . . . . . . . . . . .  (7)  

I *  
l 
~ 

I n  t h e  event  t h a t  q" is  unevenly divided and t h e  material p r o p e r t i e s  are d i f f e r e n t ,  

i t  i s  understood t h a t  Eqs. ( 3 )  and (7)  can s t i l l  be used provided w e  d e f i n e  

. . . . . . . . . . . . . . . . . . .  (8) 
K 

Heat Generated i n  Deformed Bearing Gap 

The h e a t  generated i n  t h e  bea r ing  f i l m  can be equated t o  t h e  power r equ i r ed  by t h e  

f r i c t i o n  torque.  The f r i c t i o n  torque i s  t h e  i n t e g r a t e d  moment of s h e a r  stress over  

t h e  e n t i r e  bea r ing  s u r f a c e .  The s h e a r  stress, i n  t u r n ,  depends n o t  only on t h e  

r e l a t i v e  s l i d i n g  motion between t h e  opposing s u r f a c e s  b u t  a l s o  on t h e  c i r c u m f e r e n t i a l  

I p r e s s u r e  g r a d i e n t  i n  t h e  bea r ing  f i l m .  Thus t h e  f r i c t i o n  to rque  would depend on t h e  
d e t a i l  geomet r i ca l  parameters of t h e  bea r ing  gap; i n  t h e  case  of a spiral-grooved 

t h r u s t  b e a r i n g ,  they i n c l u d e  r a d i u s  r a t i o  , ang le  of i n c l i n a t i o n ,  groove dep th ,  

groove width r a t i o ,  and groove l e n g t h .  I n  Ref. 2 ,  t h e  f r i c t i o n  t roque  f o r  t y p i c a l  

s p i r a l  grooved t h r u s t  b e a r i n g s  of  para l le l  s u r f a c e s  has  been c a l c u l a t e d ,  i t  w a s  

found t o  be about 70% of t h a t  f o r  p l a i n  p a r a l l e l  d i s k s  r o t a t i n g  a t  t h e  same speed 

a t  the  ssm IE~Z~IZLZ ga?, The r educ t ion  i n  f r i c t i o n  torque i s  p r i m a r i l y  caused by t h e  

shal low grooves which are on t h e  o u t e r  p o r t i o n  of t h e  bea r ing .  I f  they were on t h e  

i n n e r  r a d i u s  of t h e  b e a r i n g ,  t h e  torque would approach t h a t  of p l a i n  d i s k s .  Thus 

i t  would be q u i t e  s a t i s f a c t o r y  f o r  t h e  p r e s e n t  purpose t o  c a l c u l a t e  q" according t o  

a pu re  s l i d i n g  motion between smooth s u r f a c e s  s e p a r a t e d  by t h e  gap as given by Eq. ( 7 ) .  



' The s h e a r  stress of an  area element rdrd8,  i s  

where p i s  t h e  v i s c o s i t y  of t h e  f l u i d  and w i s  t h e  angu la r  speed. The mechanical 

power r e q u i r e d  t o  overcome t h e  f r i c t i o n  per u n i t  area is: 

The t o t a l  f r i c t i o n a l  power f o r  t h e  e n t i r e  d i s k  i s  

i J o  J r  

ro 
r3 d r ,  I ri ho+ 2 = 2TVW2 

The i n t e g r a t i o n  can b e  r e a d i l y  performed a f t e r  expanding t h e  i n t e g r a l  by t h e  method 

of p a r t i a l  f r a c t i o n s .  The r e s u l t  i s  

r 2  
1+-  2hoR 

r L  i 1+-  2hoR 

0 

I n  a gas  b e a r i n g ,  convect ive h e a t  t r a n s f e r  i n  t h e  f i l m  i s  n e g l i g i b l e ,  t h e r e f o r e  a l l  

t h e  h e a t  generated by t h e  f r i c t i o n a l  power goes through t h e  bear ing s u r f a c e s ,  and t h e  

t o t a l  h e a t  f l u x  p e r  u n i t  area i s  

H 

o i  

q" = . . . . . . . . . . . . . . . . . . . . . . . .  (10) 
J T ( r  '-r 2) 

q" can b e  e l imina ted  between Eqs. (3)  and ( l o ) ,  a l s o ,  making use  of Eq. (9) ,  one 

f i n d s  f 

. . . . . . . . . . .  (11) 

I f  i s  u s e f u l  t o  d e f i n e  t h e  fol lowing dimensionless groupings - 
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2 

D i s t o r t i o n  Parameter: A = 

L 
0 I(= - 

2h Ii . . .  Curvature Index: 
0 

. . . . . . . . . . . . .  (12) 

Radius Rat io:  R = ri / ro 

The d i s t o r t i o n  parameter r e p r e s e n t s  t h e  r e l a t i o n  between f r i c t i o n a l  h e a t  and t h e  

r a d i u s  of cu rva tu re  due t o  thermal d i s t o r t i o n .  The cu rva tu re  index i s  a c t u a l l y  

t h e  r a t i o  of t h e  amount of non-f la tness  a t  t h e  b e a r i n g  r i m  t o  t h e  s e p a r a t i o n  of 

t h e  bea r ing  s u r f a c e s  along t h e  a x i s  of r o t a t i o n  ( see  Fig. 4 ) .  Using t h e  new d e f i n i t i o n s  

Eq. (11) can be w r i t t e n  as: 

(13) 
1 ’ 1+K . . . . . . . . . . . . . . . . .  (142) K “ n i  izzl K ~ A  = 

Eq. (13) is g r a p h i c a l l y  shown i n  Fig.  5. 

It i s  of i n t e r e s t  t o  examine t h e  above equat ion f o r  extreme va lues  of K. I f  t h e  amount 

of d i s t o r t i o n  is  very s m a l l ,  K << 1, then E q .  (13) reduces t o  

1 
k: < c  1 2 

lim A = - (1+a2) / K . . . . . . . . . . . . . . . . . . . .  ( 1 4 )  

If t h e  amount of d i s t o r t i o n  is  very large,  R2K >> 1, then Eq. (13) i s  reduced t o  

(15) 1 1 i m  

G ? K > > 1  
2 . . . . . . . . . . . . .  

Load Capaci ty  of D i s t o r t e d  Spiral-Grooved Thrust  Bearings 

Analysis  of the spiral-grooved, gas lllhricaterl t h r u s t  bea r ing  w a s  given i n  Ref. ( 4 ) .  
Geometry of such a bea r ing  is i l l u s t r a t e d  i n  Fig.  6. Allowing f o r  gap v a r i a t i o n  due 

t o  thermal  d i s t o r t i o n ,  t h e  f l u i d  f i l m  p res su re  i s  governed by t h e  fol lowing equa t ions :  

- f  5 P d P  + A f c 2 P  = 2 A f  . . . . . . . . . . . . . . . . . .  (16) 
1 d5 2 

where 

5 = r h o ,  

p = PIPa;  

A = 6pw r 2/ (pa ho2) 
0 

A i s  an i n t e g r a t i o n  cons t an t .  f 

f l  and f 2  are c o e f f i c i e n t s  determined by t h e  gap geometry. I n  t h e  grooved r eg ion ,  
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. . . . . . . . . . . . .  h r3+a(l-a)  s i n 2  (17)  
a + (1-a) r j  f l  = 

0 

where , 

r = 1 + ( r  - 1 ) ho/h 

ro = 1 + 6/ho9 

a = a / a .  
g r’ 

0 

I n  t h e  seal r eg ion ,  
f l  = ( T I 3  h 

(18) . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 

There are t h r e e  boundary cond i t ions  t o  be m e t .  

They are: 

P(Ci) = 1 
P(1) = 1 

P(5)  i s  matched between t h e  grooved and seal r eg ions .  

The only d i f f e r e n c e s  between above equat ions from t h o s e  employed i n  Ref. 4 are due 

t o  gap v a r i a t i o n  and are contained i n  t h e  c o e f f i c i e n t s  f l  and f 2 .  

Eq. (16) i s  so lved  on a d i g i t a l  computer u s ing  t h e  Runge-Kutta method (Ref. 6 ) .  

A i s  determined by s u c c e s s i v e  approximation t o  permit  matching of P(c  ) between 

t h e  two r eg ions .  Upon f i n d i n g  P ,  t h e  load c a p a c i t y ,  W ,  i s  r e a d i l y  found by a p p r o p r i a t e  

11merFca.1 quadra tu re ,  I n  dimensionless form, t h i s  i s  

f m 

f l  

= 2  j (P-1) <d< . . . . . . . . . . . . . . . . . .  (20) 
W 

‘i o P a  n2 

A l l m i z g  f o r  thermal d i s t o r t i o n ,  t h e  load c a p a c i t y  of spiral-grooved t h r u s t  bea r ings  

now depends on t h e  c u r v a t u r e  index K i n  a d d i t i o n  t o  t h e  o t h e r  parameters which 

i n c l u d e  A ,  bi, B ,  To, a and 5 . However, K i s  i t s e l f  a consequence of thermal  d i s -  

t o r t i o n  and is  not  a convenient design parameter.  F o r t u n a t e l y ,  K i s  r e l a t e d  tot? 
arid A according t o  Eq. (13)  and can be read from F ig .  5 .  Thus A ,  i n s t e a d  of K ,  

i s  t h e  a d d i t i o n a l  i n p u t  parameter a v a i l a b l e  t o  t h e  d e s i g n e r .  Upon reading K from 

Fig.  5 ,  one can then  proceed t o  c a l c u l a t e  t h e  load c a p a c i t y  of t h e  d i s t o r t e d  t h r u s t  

b e a r i n g .  

m 
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Numerical Example 

Computation of t h e  load  capac i ty  of s p i r a l  grooved t h r u s t  bear ings  w i t h  thermal  

d i s t o r t i o n  e f f e c t s  according t o  t h e  procedure o u t l i n e d  above i s  a s t r a i g h t  forward 

matter. However, because of t h e  l a r g e  number of design parameters  involved ,  i t  

i s  i m p r a c t i c a l  t o  cons ider  every aspect of t h e  problem. I n  t h e  fo l lowing ,  a t y p i c a l  

example w i l l  b e  considered i n  o r d e r  t o  br ing  o u t  s i g n i f i c a n t  po in t s  of t h e  p re sen t  

a n a l y s i s .  

The r e s u l t s  of t h e  example are shown g raph ica l ly  i n  F igs .  7 and 8. Phys ica l  and 

geometr ica l  v a r i a b l e s  of t h e  bear ing  i n  concern are given i n  t h e  legends of t h e s e  

f i g u r e s .  This  bea r ing  wi thout  d i s t o r t i o n  would b e  a b l e  t o  c a r r y  92 l b s .  w i t h  a 

des ign  gap of 0.8 m i l .  Once t h e  bea r ing  material is  chosen t h e  va lue  of c 1 / ~  is  f i x e d .  

Then f o r  each va lue  of h t h e r e  would b e  corresponding va lues  f o r  Ah and W. Fig.  7 

con ta ins  e s s e n t i a l l y  t h e  same information as Fig .  5 ,  except  var ious  q u a n t i t i e s  are 

g iven  i n  a p p r o p r i a t e  u n i t s .  Fig.  8 shows t h a t  cons iderable  l o s s  of load  capac i ty  o r  

minimum gap can occur f o r  a / r>lO f t -hr /Btu .  A t  a / r  = 2 x f t -hr /Btu ,  t h e  load  

i s  down t o  60 I b s  a t  0.8 m i l  gap, o r  the  gap would be  0.62 m i l  i n  o rde r  t o  c a r r y  

t h e  des ign  load  of 92 l b s .  Also shown i n  F ig .  8 are t h e  ranges f o r  U/K  f o r  t y p i c a l  

s t r u c t u r a l  material ,  according t o  Ref. 7. It  is  noted t h a t  most common materials 

have a / r  i n  excess  of 10  f t -hr /Btu .  

0’ 

-7 

-7 

Genera l i za t ion  

C lea r ly ,  l o s s  of load  capac i ty  i s  d i r e c t l y  r e l a t e d  t o  K,  which i n  t u r n ,  as seen  from 

Fig.  5;  i s  e s s e n t i a l l y  a func t ion  of A .  S ince  A con ta ins  o t h e r  f a c t o r s  than  U / K ,  

i t  i s  u s e f u i  co exaluiiis zhat c the r  factors e n t e r  i n t o  t h e  p i c t u r e .  The d e f i n i t i o n  

f o r  A can b e  rewritten as 

(21) 
Y . . . . . . . . . . . . . . . . . . . . . .  1 2 5  A = -  

Wc1 A par20 

Since  t h e  load  capac i ty  of s p i r a l  grooved t h r u s t  bear ings  i s  p ropor t iona l  t o  Ap r2 

one can rewrite t h e  above express ion  as  
a 0’ 
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From t h i s  one concludes t h a t  t h e  importance of thermal d i s t o r t i o n  f o r  a given material  

i n c r e a s e s  d i r e c t l y  wi th  t h e  bea r ing  speed and load.  Ac tua l ly ,  according t o  Refs. 2 

and 4 ,  f o r  bea r ing  optimized f o r  l o a d  capac i ty ,  W / (Ap, a r o 2 )  v a r i e s  w i th  (J? as shown 

i n  Fig.  9 .  From Figs .  5, 7 and 8 i t  looks reasonable  t o  expect  thermal d i s t o r t i o n  

t o  become s i g n i f i c a n t  f o r  A < 1 .0  (Ah % 0.5  h ) ;  t h e  r e a l i z a b l e  load  capac i ty  may 

b e  only a f r a c t i o n  of t h e  design g o a l  due t o  thermal d i s t o r t i o n .  On t h e  o t h e r  hand, 

f o r  A > 3.0(Ah 8j 0.2 ho ) ,  t h e  achievable  load  capac i ty  would be about 75% of t h e  

design load.  Making use of Eq. (21) and F ig .  9 ,  ww (:) can b e  r e l a t e d  t o  (?? f o r  

A = 1 .0 ,  3.0 as shown i n  Fig.  10.  Below t h e  lower curve,  thermal  d i s t o r t i o n  would 

be excess ive  and d r a s t i c  measures must b e  taken t o  achieve t h e  design goa l .  Above 

t h e  upper curve,  d i s t o r t i o n  is  no t  s e r i o u s .  I n  between, t h e r e  i s  a reasonable  chance 

t o  ach ieve  t h e  design g o a l  by a d j u s t i n g  t h e  r a d i u s  r a t i o  di and s e l e c t i o n  of material. 

However, i n  s e l e c t i o n  of material ,  a t t e n t i o n  must be pa id  t o  o t h e r  design c o n s i d e r a t i o n s ,  

proper  cho ice  of a f o r  mating materials, bea r ing  f r i c t i o n  and wear c h a r a c t e r i s t i c s ,  

material s t a b i l i t y  etc.  Add i t iona l  thermal d i s t o r t i o n  may r e s u l t  due t o  r a d i a l  and 

a x i a l  thermal  g r a d i e n t s  e x i s t i n g  i n  t h e  equipment. Symmetrical design o f t e n  can 

reduce r a d i a l  g r a d i e n t s ;  most machines however, w i l l  have a x i a l  g r a d i e n t s .  

> 
0 

< . 
J 

# 
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CONCLUSIONS 

1. F r i c t i o n  h e a t  generated i n  t h e  f l u i d  f i l m  can d i s t o r t  t h e  t h r u s t  s u r f a c e  and 

cause cons ide rab le  r educ t ion  i n  load ca r ry ing  c a p a c i t y .  

2 .  I n  o r d e r  t o  minimize t h e  f r i c t i o n a l  power l o s s e s  t h e  bea r ing  d i s t o r t i o n  must 

b e  minimized . . 
3. The degree of d i s t o r t i o n  does no t  d i r e c t l y  depend on t h e  temperature l e v e l .  

4 .  The amount of d i s t o r t i o n  i s  enhanced by a l a r g e  c o e f f i c i e n t  of thermal expansion 

and i s  reduced by a l a r g e  c o e f f i c i e n t  of thermal conduc t iv i ty .  

5. Large r a d i u s  r a t i o  bea r ings  and/or  high speed r o t o r s  are more s e n s i t i v e  t o  

t h i s  type of thermal d i s t o r t i o n .  

6. Analysis  of a t y p i c a l  bea r ing  design shows t h a t  t h e  e f f e c t s  of thermal d i s t o r t i o n  

can b e  s i g n i f i c a n t  f o r  most s t r u c t u r a l  materials. 

7. Materials f o r  minimum thermal d i s t o r t i o n  are o f t e n  n o t  s a t i s f a c t o r y  w i t h  

r e s p e c t  t o  s t r u c t u r a l  cons ide ra t ions  and from t h e  s t a n d p o i n t  of f r i c t i o n  

and wear. App l i ca t ion  of s u r f a c e  coat ings can a l l e v i a t e  t h e  problem of f r i c t i o n  

and wear and p e r m i t  t h e  use of m a t e r i a l s  chosen f o r  minimum thermal d i s t o r t i o n .  
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i 
i 

' c  

NOMENCLATURE 

a 

a /a  

f , f  
g r  

1 2  

h 

h 

Ah 

J 

K 

P 

0 

P a  

411 

P 

r 

r 

r 

R 

a3 

T 

T 

H 
I*? 

i y ro  

m 

0 

Z 

a 

B 
r 

r o  
6 

groove-ridge width r a t i o ,  a /a 

width of groove and r i d g e  r e s p e c t i v e l y  

c o e f f i c i e n t s  i n  t h e  d i f f e r e n t i a l  eq.  f o r  t h e  spiral-grooved t h r u s t  

bea r ing ,  eqs.  (17)  , (18) .  

l o c a l  gap 

gap measured along t h e  a x i s  of r o t a t i o n  

i n c r e a s e  of gap a t  r i m  due to  d i s t o r t i o n  

J o u l e  c o n s t a n t ,  778  f t - l b /B tu  

cu rva tu re  index,  Ah/h 

a b s o l u t e  p r e s s u r e  i n  t h e  f lu id - f i lm  

ambient p r e s s u r e  

non-dimensional f l u i d  f i l m  p r e s s u r e ,  p/pa 

a x i a l  o r  l o n g i t u d i n a l  h e a t  f l u x  

r a d i u s  measured on t h e  t h r u s t  s u r f  ace 

i n n e r  and o u t e r  r a d i i  of t h r u s t  bea r ing  

r a d i u s  a t  t h e  groove-seal boundary 

r a d i u s  of cu rva tu re  of d i s t o r t e d  t h r u s t  bear ing s u r f a c e  

g r  

0 

r a d i u s  r a t i o ,  r . / ro  
1 

temperature 

r e f e r e n c e  temperature  

mechanical power r equ i r ed  t o  overcome t h e  f r i c t i o n  torque 

t h r u s t  l oad ,  l b s .  

a x i a l  o r  l o n g i t u d i n a l  coord ina te  

c o e f f i c i e n t  of l i n e a l  thermal expansion, f t / f t / ' F  

s p i r a l  ang le  of grooves,  measured from t h e  circumference 

l o c a l  groove-ridge gap r a t i o  

nominai groove-ridge gap r a t i r !  

groove depth 

5 ,  Gi3etc. r /ro,  ri/ro9 e tc .  

K c o e f f i c i e n t  of thermal conduc t iv i ty ,  Btu/f t /OF/sec.  f o r  Btu/f t /OF/hr .  

as noted.  
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A 

Af . 
P 
A 

w 

compressibility number 

constant of integration 

viscosity of lubricant 

distortion parameter, 1 2 J ~ /  (Ap, ro2wa) 

angular speed, radians/second 
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